In this study, three different microstructures of dual-phase (DP) steel obtained by varying the intercritical annealing temperature were observed three dimensionally by a serial-sectioning method and their metrics and topological properties were quantified. The results demonstrated that martensite in DP steels has various morphologies such as layers, particles, holes, and voids. The fraction of these characteristic morphologies was examined as a function of the intercritical annealing temperature.
Introduction
In recent years, three-dimensional (3D) observation has been carried out by several techniques in various fields. 1) An advantage of the 3D observation is to understand its complicated morphology straightforwardly and quantitatively. In materials science, it is well-known that morphology of microstructures plays a vital role on properties of materials. 2, 3) For example, geometrical arrangement of martensite in a martensite-ferrite dual-phase (DP) steel affects the deformation and fracture behavior of the steel in addition to the yield strength ratio between martensite and ferrite, 4) the volume fraction of martensite, 5, 6) and grain size. 6, 7) It has been reported that a work-hardening rate becomes larger and fracture mode becomes brittle when ferrite is surrounded by honeycombed martensite, whereas uniform elongation becomes higher when ferrite is accompanied by dispersed martensite. [8] [9] [10] The variations in deformation and fracture behaviors depending on martensite morphology are likely related to the strain incompatibility between the two constituent phases. 4, 8, 9, 11) With respect to the fracture behavior, it has been reported that damages, cracks or voids, tend to be formed in a specifically featured region in or around martensite. 8, 9) In particular, cracks are found to be initiated at concave areas of martensite. 10, 12) It is, therefore, essential to evaluate the marteniste morphology more quantitatively to understand its effect on the deformation and fracture behaviors.
Some researchers have tried to quantify the martensite morphology by using stereological parameters such as mean interparticle distance, mean free path, and contiguity as the degree of constraints [13] [14] [15] and have demonstrated that there is a relation between contiguity and 0.2% proof stress. 14, 15) In addition to an assessment of the metric features, a topological assessment has been used to evaluate the dispersivity and connectivity of multi-phase microstructures. 2, 3) On the other hand, the local morphology can be examined by curvature.
2) Although the topological approach and curvature investigation were proposed several decades ago, until lately, it was neglected for a practical evaluation of microstructures, because these evaluations need 3D reconstructions of microstructures that were difficult to perform before.
Very recently, 3D microstructural visualization has become available at a practical level, 16) which enables quantitative 3D analysis of microstructures to be performed. [17] [18] [19] Of these 3D visualization techniques, the serial-sectioning method using an optical microscope is easy to perform; hence, it has been adopted as the standard method. The serial-sectioning method has been thought as a time-consuming method, because it requires the repetition of polishing-observation procedures; however, recent advancements in equipment have achieved great time savings for this method. 20) The aim of this paper is to evaluate the microstructure of DP steels quantitatively by focusing on their topological properties.
Experimental

Materials
The chemical composition of the steel used in this study was 0.15C-0.10Si-1.00Mn-0.86Ni-0.76Cr-0.25Mo-Fe in mass%. The hot-rolled 2-mm-thick steel plate was coldrolled to 1 mm, and subsequently, the rolled sheet was annealed at 1 010, 1 023, or 1 048 K for 1.8 ks, followed by air cooling to the ambient temperature. Hereafter, these samples are referred to as DP1010, DP1023, and DP1048, respectively. © 2012 ISIJ
Microstructure Observation
3D reconstructions of the microstructures were obtained by combining 20 serial sections taken at a polishing interval of 1 μ m. The samples were etched with a 3% nital solution (CH3OH:HNO3 = 97:3), and the microstructure was observed by an optical microscope (Wraymer BM3400T) fitted with a digital camera (Shimadzu Moticam2000). These experimental procedures were carried out by a fully automated serialsectioning 3D microscope. 20) Image processing, visualization, and quantitative analysis of the 3D reconstructions of the microstructure were conducted using AVIZO 5.3 Standard Edition software (Visual Science Group).
Quantitative Analysis of 3D Microstructural
Geometry The volume fraction of martensite f M is given by
where VM is the martensite volume and VT is the unit volume of the observed region.
3)
Local shape is represented by the surface curvature defined by the principal curvature of the maximum (k1) and minimum (k2) values; k1 and k2 can be measured from the principal radii of the curvature tangent to the surface patch. 2, 3, 17, 18) The average and the product of the two principal curvatures are given by where H and K denote the mean and Gaussian curvatures, respectively. The mean curvature is related to the composition at the interface of a two-phase alloy; thus, it is an important parameter in microstructure evolution. 18, 19) The Gaussian curvature provides the degree of interface roughness.
3) For example, a convex or concave shape corresponds to K > 0, while a saddle shape corresponds to K < 0. A rod or flat shape has at least one of the mean curvatures of zero, resulting in K = 0.
A topological evaluation yields (1) the number of independent bodies or voids and (2) the total connectivity of the microstructure. The connectivity is defined as the number of cuts that do not divide the body into two parts.
2,3) These topological properties remain unchanged even if the body is stretched or distorted provided it is not severed or joined to itself during the deformation. The topological parameters are given by an Euler characteristic (χ2), which is defined by Eq. (4), When there is a martensite particle as in Fig. 1(a) , it is topologically equivalent to the cube shown in Fig. 1(b) , where n = 8, e = 12, and f = 6, giving χ 2 = 2 and g = 0. Ferrite-piercing martensite ( Fig. 1(c) ) is topologically equivalent to the cubic torus shown in Fig. 1(d) , where n = 16, e = 32, and f = 16, resulting in χ 2 = 0 and g = 1. Additionally, a ferrite particle that is completely surrounded by martensite (Fig. 1(e) ) is topologically equivalent to a cube with a cubic void (Fig. 1(f) ), where n = 16, e = 24, and f = 12, giving χ 2 = 4 and g = -1. It is noted that χ 2 is related to the number of handles or holes In this study, the h of martensite was calculated by counting n, e, f, b, and v of martensite. The v of martensite corresponds to finely dispersed ferrite bodies that do not contact the bounding box. To remove the volume effect, these topological parameters of the three samples are shown per volume basis.
Results and Discussion
2D Microstructure Figures 2(a)-2(c)
show optical micrographs of DP steels after intercritical annealing at three different temperatures, in which the martensite and ferrite phases appear as dark and light gray, respectively. On the longitudinal section, several typical microstructural features can easily be recognized such as banded ferrite-martensite structures (Fig. 2(i) ), small martensite islands dispersed in ferrite (Fig. 2(ii) ), and ferrite particles surrounded by martensite (Fig. 2(iii) ). Figure 3 shows parts of the serial sections of DP1023, in which the presence of banded structures is found at different depths, as indicated by the white arrows in Fig. 3 . Some small martensite particles were present in several sections, as indicated by the black arrows in Fig. 3 . In addition, one martensite body, which appears to be separated at some sections, is connected at other sections, as indicated by the gray arrows in Fig. 3 . From these sectional images, it can clearly be seen that the martensite morphology has changed in a complex fashion at different depths, so that 3D reconstruction of the sectioning images is required to understand the actual microstructural morphology.
3D Microstructure Figures 4(a)-4(c), 4(d)-4(f), and 4(g)-4(i)
show the cropped 3D reconstructions of DP1010, DP1023, and DP1048, respectively, and Fig. 4(j) shows a sample dimension where the 3D reconstructions are capped at the intersection with a bounding box. The martensite (Figs. 4(b) , 4(e), 4(h)) has layered structures, and some small particles as indicated by the white arrows. The layered structures are parallel to the rolling direction. In addition, holes in the layered structures are observed, as indicated by the black arrows. The holes likely correspond to the discontinuous part observed in two dimensions; hence, these features suggest the presences of DP microstructures in which ferrite is interlaced with the adjacent martensite. In addition, the martensite morphology becomes aggregated further as the ferrite morphology becomes dispersed with increasing annealing temperature.
Quantitative Analysis of 3D Microstructures
Volume Fraction of Martensite
According to the 3D reconstructions, the volume fraction of martensite was measured as 46.5 vol.% in DP1010, 65.9 vol.% in DP1023, and 76.2 vol.% in DP1048.
Local Shape
The mean and Gaussian curvatures were plotted over the 3D martensite reconstruction of DP1010, as shown in Fig.  5 , to show curvatures corresponding to the characteristics of the local shapes. Two types of sphere-like martensite surface were found from the 3D reconstructions: one was a particle with K > 0 and H > 0 shown in (i), and the other was a void with K > 0 and H < 0 shown in (ii) in Fig. 5 . The edge of the hole (Fig. 5(iii) ) and the necked shape in 3D (Fig. 5(iv) ) is K < 0. The plate shape (Fig. 5(v) ) is H = K = 0.
Topological Properties
The topological properties of martensite were evaluated from the 3D reconstructions to understand the difference in the martensite in the three specimens. The martensite fractions of hole (hV Table 1 . Although hV M was almost constant, bV M decreased and vV M increased with increasing annealing temperature. These topological properties of martensite are expected to maintain the topological properties of austenite during intercritical annealing. Austenite first develops in the pearlite regions; then, the ferrite grain boundary becomes an active nucleation site of austenite. Finally, the dislocations introduced in the ferrite grain become a potential nucleation site. The austenite particles tend to connect each other and to form holes with an increase in its volume fraction. A further increase in the austenite volume fraction results in the plugging of holes with the eventual formation of voids. Additionally, we examined the difference in the mean and Gaussian curvatures using H-K plot which represents the probability density distribution 18) to illustrate the complex topological change of the DP microstructure during intercritical annealing. Figure 7 shows a map of the different and black arrows on the serial sections indicate a continuous martensite plate and particle, respectively. The gray arrows indicate a martensite body that appears to be separated at some sections, but combined at other sections. 
